Aims. We investigate the dual-dust chemistry phenomenon in planetary nebulae (PNe) and discuss reasons for its occurrence, by analyzing Spitzer/IRS spectra of a sample of 40 Galactic PNe among which 26 belong to the Galactic Bulge (GB). Methods. The mixed chemistry is derived from the simultaneous detection of Polycyclic Aromatic Hydrocarbon (PAH) features in the 6−14 µm range and crystalline silicates beyond 20 µm in the Spitzer/IRS spectra. Results. Out of the 26 planetary nebulae observed in the Galactic Bulge, 21 show signatures of dual-dust chemistry. Our observations reveal that the simultaneous presence of oxygen and carbon-rich dust features in the infrared spectra of [WC]-type planetary nebulae is not restricted to late/cool [WC]-type stars, as previously suggested in the literature, but is a common feature associated with all [WC]-type planetary nebulae. Surprisingly, we found that the dual-dust chemistry is seen also in all observed weak emission-line stars (wels), as well as in other planetary nebulae with central stars being neither [WC] nor wels. Most sources observed display crystalline silicate features in their spectra, with only a few PNe exhibiting, in addition, amorphous silicate bands. Conclusions. We appear to detect a recent change of chemistry at the end of the Asymptotic Giant Branch (AGB) evolution in the lowmass, high-metallicity population of GB PNe observed. The deficit of C-rich AGB stars in this environment suggests that the process of PAH formation in PNe occurs at the very end of the AGB phase. In addition, the population of low-mass, O-rich AGB stars in the Galactic Bulge, do not exhibit crystalline silicate features in their spectra. Thus, the high detection rate of dual-dust chemistry that we find cannot be explained by long-lived O-rich (primordial or circumbinary) disks. Our most plausible scenario is a final thermal pulse on the AGB (or just after), which could produce enhanced mass loss, capable of removing/mixing (sometimes completely) the remaining H-rich envelope and exposing the internal C-rich layers, and generating shocks responsible for the silicate crystallization.
Introduction
Planetary Nebulae (PNe) are the result of the evolution of lowand intermediate-mass stars (1−8 M ⊙ ), where the circumstellar gas previously expelled during the Asymptotic Giant Branch (AGB) phase is ionized by the central star (CS). The infrared emission from dusty circumstellar shell that developes at the end of the AGB can remain strong during the PN phase, and thus be easily detectable with infrared telescopes.
An interesting class of PNe are those with C-rich WolfRayet ([WC]-type) central stars (the so-called 'WCPNe'), which have little or no H in their atmospheres. Observations completed by the Infrared Space Observatory (ISO) suggest that the shells around some WCPNe exhibit a characteristic dualdust (or mixed) chemistry (Waters et al., 1998 a, b; Cohen et al., 1999 Cohen et al., , 2002 , which is not yet well understood. This is deduced from the simultaneous presence of the well-known family of infrared bands at 3. 3, 6.2, "7.7", 8.6 , and 11.3 µm due to Policyclic Aromatic Hydrocarbons (PAHs: C-rich) (Leger & Puget, 1984; Allamandola et al., 1985) , and several relatively broad bands (the strongest at 23.5, 27.5, and 33.8 µm) attributed to crystalline silicates (O-rich), such as olivines and pyroxenes (Waters et al., 1998 a) in the ISO spectra. The mixed chemistry phenomenon appears to be common among late-type/cool WCPNe, while only one (NGC 5315) out of 6 early-type/hot WCPNe observed with ISO shows this dual-dust chemistry. In total about 50% of the WCPNe show mixed chemistry (Cohen et al., 2002; De Marco & Soker, 2002) . Note, however, that PAH features seem to be present in most of the 16 WCPNe analyzed by Szczerba et al. (2001) , with the clear exception of K 2-16. Therefore, we should keep in mind that, due to the poor quality of ISO band 4 data, the true percentage of WCPNe with mixed chemistry may be underestimated.
In this Letter, we report the results of a systematic, spectroscopic analysis completed with the Infrared Spectrograph (IRS, Houck et al. 2004 ) onboard the Spitzer Space Telescope (Werner et al., 2004) (Tylenda et al., 1993) , and neither [WC] nor wels. We also briefly discuss the remaining 14 non-GB PNe in our sample. Section 2 describes the infrared observations carried out and the data reduction performed, while the results obtained are presented in Sect. 3. Finally, in Sect.4 we discuss our findings in the context of stellar evolution in the Galactic Bulge. 
Observations and data reduction
The spectral data were taken with Spitzer/IRS under a General Observer program (#3633, PI, M. Bobrowsky). We obtained Spitzer/IRS spectra of a sample of 40 PNe 1 in the 5.2−37.2 µm range by using the Short-Low (SL: 5.2−14.5 µm; 64<R<128), Short-High (SH: 9.9−19.6 µm; R∼600) and Long-High (LH: 18.7−37.2 µm; R∼600) modules. All sources in our sample are bright at mid-infrared wavelengths, and it was easy to achieve a signal-to-noise ratio higher than 50 in each of the three modules SL, SH, and LH by using two exposure cycles of 6 s. The starting point for our interactive data reduction were the coadded 2D flat-fielded images (one for each nod position; pipeline version 12.3), in which "rogue" pixels were cleaned. For SL, the two nod positions were subtracted in order to remove the sky background. However, for the high-resolution modules no background subtraction was done since no sky measurements were taken and the SH and LH slits were too small for on-slit background subtraction. The spectra for each nod position were extracted from the 2D images, and wavelength and flux calibrated using the Spitzer IRS Custom Extractor (SPICE) with a point-source aperture. The 1D spectra were cleaned for bad data points, spurious jumps and glitches, combined and merged into one single spectrum per module for each target using SMART 2 (Higdon et al., 2004) . Finally, when required we scaled the LH spectra to the available Midcourse Space Experiment (MSX; Egan et al., 2003) photometry at 21.34 µm, and the corresponding SL and SH spectra were also scaled upward to match the LH spectra. This is because some of the PNe studied here are extended sources (optical diameter >4"), giving a flux loss at the smaller SL and SH apertures. The MSX photometry at 21.34 µm 1 Plots of all spectra are available online. Table 1 and online  Tables A.1 and A.2 collect relevant information for our sample of PNe.
2 SMART was developed by the IRS Team at Cornell University and is available through the Spitzer Science Center at Caltech. was selected as a reference point for flux calibration because this filter is less affected by nebular emission lines and dust emission features.
Results
In Table 1 , we present the names (columns 1 & 2), coordinates (columns 3 & 4), spectral type (column 5), optical diameter (column 6), distance from Galactic Center (GC: column 7), and dust type (column 8) for the 21 PNe in our sample, which belong to the Galactic Bulge 3 and show dual-dust chemistry. The total number of GB PNe observed by us is 26, so the occurrence of dual-dust chemistry (21/26) is much higher than the 6/11 observed in the sample of GB PNe discussed by Gutenkunst et al. (2008) . Figure 1 shows representative Spitzer/IRS spectra corresponding to 4 classes of PN CSs from (Table A1 in Appendix A contains relevant information for these sources), which show only the presence of silicates (Fig. B4) . The spectral type of the CS is shown below the PN name and "none" is used instead of "neither [WC] nor wels". All spectra exhibit a strong infrared continuum emission, which peaks between 20 and 40 µm, as observed in many other PNe detected by ISO. This strong infrared excess is produced by the thermal emission of dust still present in their remnant circumstellar AGB shells. Overimposed on this infrared continuum we can clearly distinguish the presence of narrow nebular emission lines.
In the spectra, we can also see broad solid-state features from the dust grains. The simultaneous presence of PAH emission features (C-rich) in the 6−14 µm range (Fig. 2 and the right panels (Fig. 1 and the left panels of Figs. B1, B2 and B3) illustrates the dual-dust chemistry in all 21 GB PNe. The mixed chemistry is seen not only in late-type, but also in all observed early 4 -type WCPNe. However, the most striking result is that dual-dust chemistry was detected in all observed wels as well as in some other GB PNe with CSs, which are very likely of none of the above types as inferred from their optical spectra (see Table 1 ). Spectral type of H 1-62 is unknown. The class of GB PNe with neither [WC] nor wels CSs is investigated in a subsequent paper (Górny et al. 2009, in preparation) .
A broad, dust feature around 10 µm is seen in a few PNe. This feature appears to be due to amorphous silicates and is seen only in 4 (Th 3-4, M 3-38, M 3-8 and H 1-40 -see Figs. B2 and B3) out of the 21 GB PNe with dual-dust chemistry. The only other known case of WCPN with such feature is SwSt 1 (see e.g. Szczerba et al., 2001) . By interpreting the strength of the 11.3 µm PAH band as a measure of the PAH abundance, we see that these 4 sources (except M 3-38) have the lowest PAH content (detection of PAHs is even tentative in the case of M 3-8 -see Table 1 and Fig B3) . Surprisingly, this 10 µm band is seen in most non dual-dust chemistry GB sources in our sample, except H 1-12, for which we have only SH observations and we cannot deduce the presence of this band, and M 3-13 whose spectrum is of rather low quality (see Fig. B.4) . These sources show only weak crystalline silicate features. The sources with 10 µm dust feature are discussed in more detail by Górny et al. (2009, in preparation) .
There are 14 additional PNe in our sample, which are not counted as GB sources. The relevant information for these sources is available only online and is collected in Table A2 with spectra shown in Figs. B5 and B6. Among them, there are 6 PNe with dual-dust chemistry (3 early- [WC] ; 2 wels and one with unknown type CS). Surprisingly, there is one wels 5 (M 1-20) that does not display the signs of O-rich dust, but only PAHs and a broad plateau emission between 11 and 14 µm (see Fig. B5 ), attributed to primordial C-rich material, also observed in proto-PNe (e.g. Kwok et al., 2001 ). This PN, and another Crich source (Tc 1) showing unusual, hydrogenated PAHs (see Fig. B6 ) will be discussed in more detail in a forthcoming paper. We note the exceptional source GLMP 698 (with CS classified as [WC8]), for which only weak bands of crystalline silicates are detected (similar to ISO target K 2-16 with a CS classified as [WC 11]) . Another 5 sources show only silicates, with no indication of C-rich dust. Out of the 14 non-GB PNe, there are 5 sources showing both, amorphous and crystalline silicates.
Discussion
The origin of the dual-dust chemistry in PNe is still unclear. In general, several mechanisms may play a role: i) a very late thermal pulse at the end of the AGB phase (or just after), which may turn an O-rich outflow into a C-rich one (Waters et al., 1998 a) . Due to the enhanced mass loss, high temperature annealing may lead to the crystallization of amorphous silicates (e.g. Sylvester et al., 1999) , while PAHs form from the newly released C-rich gas;
ii) evaporation of Oort-like cloud comets may release crystalline silicates (Cohen et al., 1999) , while PAHs form after transformation of the star into C-rich one;
iii) the central star of the PN may exist in a binary system with a circumbinary O-rich disk that was formed long before the PN. Low temperature crystallization may take place in such a disk (Molster et al., 1999) . PAHs would form after transformation of the O-rich star into a C-rich one; iv) a low-mass main sequence star, brown dwarf, or planet may spiral into the AGB star, inducing a chemistry change as a consequence of extra-mixing (De Marco & Soker, 2002) . High temperature annealing of amorphous silicates and PAH formation from the newly released C-rich gas could be invoked; v) for intermediate-mass stars, the strong mass loss may induce a sudden deactivation of the hot bottom burning (see e.g. García-Hernández et al., 2006) just at the end of the AGB evolution. The high temperature annealing may lead to crystallization of amorphous silicates, while carbon, again allowed to be dredged-up to the surface, may be used for the PAH formation.
In our sample of GB PNe, we see an overwhelming presence of crystalline silicates (see also Gutenkunst et al., 2008) . This might be explained by the existence of long-lived O-rich disk (primordial or circumbinary) around CSs of PNe as proposed in scenarios ii) and iii). However, these explanations appear to be inconsistent with the existing observations of AGB stars in the GB, which in general do not show any evidence of crystalline silicates (Vanhollebeke, 2007) . In addition, Miszalski et al. (2008) reported that out of 300 GB PNe only some dozen (about 10-15%) display signatures of periodic variability (interpreted as due to binarity) in the OGLE-III data. The lack of evidence for a dominant binarity also excludes more exotic mechanisms, such as these proposed in scenario iv). Scenario v) is also not applicable to the GB PNe, since the current AGB population in the Galactic Bulge consists of mostly low-mass stars (see e.g. Uttenthaler et al., 2007, and references therein) .
To elucidate the validity of the scenario i), it is important to take into account the higher (on average) metallicity of the GB population compared with the rest of Galaxy (Chiappini et al., 2008) . Low-mass O-rich AGB stars in the GB, with limited efficiency in the third dredge-up, do not succeed in bringing enough carbon into the envelope to produce C-rich AGB stars in a highmetallicity environment. Hence, it seems very likely that the formation of C-rich PNe (so numerous in the GB) must originate in a final He-shell instabillity (probably violent), which exposes the He-and C-rich layers only when the AGB phase is terminated.
The large mass loss expected in GB PNe at the end of the AGB due to the higher metallicity compared with the average Galactic metallicity (and thus higher amount of dust) may facilitate the mixing/removal of the remaining hydrogen from the stellar envelope leading to the formation of [WC] CSs. In addition, this violent process may be connected to the operation of strong shocks, which can increase the temperature in circumstellar shells leading to crystallization of silicates. Therefore, we suggest that process i) proposed above appear to be the most plausible scenario in explaining the formation of C-rich PNe with mixed chemistry in the GB.
The detection of dual-dust chemistry in the majority of the GB PNe constitutes the first evidence that this phenomenon is not restricted to late-type WCPNe, as previously suggested. We suggest that the dual-dust chemistry in the GB PNe is related to the low mass and high metallicity of their precursors. The missing population of C-rich AGB stars in the GB and the overall lack of crystalline silicates around GB AGB stars, suggest that the formation of PNe with dual-chemistry may be due to a final He-shell instability that leads to a simultaneous change in chemistry (PAH formation) and crystallization of pre-existing silicates. However, other possibilities for dual-dust chemistry cannot be excluded in other than GB environment. The problem clearly deserves further theoretical analysis and needs to take into account the new observational constraints provided here. Table A .2). The spectral type is shown under name of PN. Dashed vertical lines at 23.5, 27.5 and 33.8 µm on the left panels mark position of crystalline silicate bands, while those at 6.2, "7.7", 8.6 and 11.3 µm on the right panels show position of PAH features. Table A .2). The spectral type is shown under name of PN; none -means neither [WC] nor wels. Dashed vertical lines at 23.5, 27.5, and 33.8 µm on the left panels mark position of crystalline silicate bands, while those at 6.2, "7.7", 8.6, and 11.3 µm on the right panels show position of PAH features.
